Abstract One-year-old cuttings of basket willow (Salix purpurea 9 viminalis) were cultivated hydroponically under increasing Cu concentrations (0, 1, 2 and 3 mM) and at four Ca/Mg ratios (4:1, 1:10, 20:1 and 1:
Introduction
Contamination with heavy metals is one of the prime concerns in protection of the environment. Heavy metals in low concentrations are necessary in metabolic pathways (usually they are enzyme promoters), but also they are toxic to humans, animals and plants in small or insignificantly higher concentrations. Conventional clean-up technologies are expensive, difficult and time-consuming, and they destroy the structure of the soil (i.e. texture and organic matter) (Strobel 2001) . Phytoremediation with hyperaccumulators is an alternative method to removal of inorganic pollutants-especially heavy metals-from soil with no negative changes in soil structure and is employed to absorb, accumulate and to transport metals from soil to the harvestable parts from metal polluted soil (Najeeb et al. 2009 ).
More recent studies on phytoextraction have focused on fast-growing plants, especially tree and bush species such as selected willows and poplars taxa. Although these species are not recognized as hyperaccumulators, their properties combine heavy metal accumulation with high biomass yields, and they can be employed in recultivation of heavily contaminated sites (Lewandowski et al. 2006) . Moreover, the use of tree species has several advantages, which include deeper root system, high productivity of biomass and high transpiration system activity. The high biomass production of willow species has been widely reported (Tlustȏs et al. 2007; Stolarski et al. 2008) . Moreover, Salix sp. easily adapts to new environmental conditions and undergoes changes permitting high tolerance of weather conditions (Hermle et al. 2006) . Furthermore, Salix species have been widely used for biomass production (energy plant), as well as in the pulp and paper industry and in factories producing particle board. However, the potential for use of willow (e.g. basket willow, Salix viminalis L.) in phytoremediation of metals or in recultivation of polluted soils is affected by numerous factors, such as cation exchange capacity, pH values of the soil, excess amounts of fertilizers, chelators, composition and amount of heavy metals and the influence of Ca/Mg ratio in soil, and depends on the resulting toxicity of the metal to plant species/taxon (Parker et al. 1998; Ö sretås and Greger 2006) . Among these factors, the Ca/Mg ratio can be easily modified prior to remediation/recultivation to enhance plant resistance and to deplete the level of oxidative stress caused by metallic ions.
Calcium and magnesium are macroelements necessary for plant growth. Ca influences the uptake and transport of other elements essential for plants (White and Broadley 2003) , and regulates hydration and regular cell structure (Scrase-Field and Knight 2003) . Mg is essential for chlorophyll biosynthesis, and its deficiency causes serious disturbances in photosynthesis resulting in deterioration of growth, development and yield of plants ( Kabata-Pendias and Pendias 1999) . It has been hypothesized that plants selectively control the amount and form of Ca, Mg and other metals and additionally, distribution of them from roots to the aboveground tissues (Oze et al. 2008) . Copper is an important micronutrient for plants and is used as a redox cofactor in numerous physiological processes, including photosynthesis, mitochondrial respiration, superoxide scavenging, ethylene perception, etc. Besides being essential, copper is toxic when present in excess in soil, water, and the atmosphere, and has become a global environmental problem because of mining, industrial, and agricultural practices (Elguindi et al. 2011) . The reactivity of Cu ions can lead to the generation of harmful reactive oxygen species via Fenton and Haber-Weiss reactions that cause severe oxidative damage to cells (Peñarrubia et al. 2010) , disturbances in plant metabolism (Ait Ali et al. 2004) , low seed set and leaf chlorosis (Albarracín et al. 2010) .
The objective of this study was to determine the influence of Ca 2? and Mg 2? concentrations and their molar ratio on the Salix purpurea 9 viminalis response to elevated copper concentrations in the cultivation medium.
Materials and methods

Plant material
One-year-old cuttings of Salix purpurea 9 viminalis (the older name before botanical verification was Salix viminalis L. cv. 'Cannabina') collected from 3-year-old rootstock without foliage were used in the experiment. To induce root formation, standardized rods (25 cm long, 15 mm in diameter) were incubated in modified Knop's medium (Barabasz et al. 2010) . The characteristics of modified Knop's medium composition are presented in Table 1 2-. To improve root formation, the solution applied at the beginning of the preliminary incubation period contained 50 % of salt contents in the standard Knop's medium, which also facilitated easier and faster adaptation of plants to the new conditions. After 10 days plants were selected according to the size of the root system to obtain a uniform group and transferred into Knop's medium (0.5 L) containing copper Cu(NO 3 ) 2 9 6H 2 O salts at 0, 1, 2, 3 mM addition levels stabilized with steamed ultrapure quartz sand in hydroponic pots (one Salix cutting was used per pot and three plants per each combination in one of two independent experiments). Ca 2? and Mg 2? , in the form of ) at the top of the plant for 16 h a day.
Selected parameters analysis
Analyses of low molecular weight organic acids (LMWOAs), total phenolics, free salicylic acid and soluble carbohydrates were performed according to methodology described by Drzewiecka et al. (2012a) and additionally, were presented in electronic Supplementary Material.
Thiols measurement
Glutathione (GSH) and phytochelatins (PCs) were isolated and separated according to Stroiński and Zielezińska (1997) , based on the Tukendorf and Rauser (1990) method. Frozen leaves (0.5 g) were homogenized with an ArtMiccra homogenizer in 2 mL of 0.5 mM HCl. The GSH and PCs were estimated, using reverse-phase HPLC (Varian Pro Star) with post-column derivatization using Ellman's reagent and measured at k = 405 between 22 and 28 min of elution from the column.
Statistical analysis
Statistical analysis was performed with Statistica 8 software provided by StatSoft. The single fixed effects of the two experimental factors, i.e. Cu 2? addition level to the cultivation medium and the value of Ca/Mg molar ratio, on selected parameters of Salix Salix purpurea 9 viminalis physiology was tested with two-way analysis of variance (ANOVA) at a = 0.05 using the F test (F and empirical p values presented in table). Significance of differences between means was tested with post hoc Tukey's HSD test and presented in charts in the form of confidence intervals at a confidence level of 95 %. Concentrations of selected LMWOAs are expressed in the table as mean values with superscripts indicating significant differences for the 'Cu level 9 Ca/Mg ratio' interaction at p B 0.05. The correlation between the level of physiological parameters and Cu concentration in the medium was tested with Pearson's correlation coefficient (r).
Results
According to the two-way analysis of variance, all the biological active compounds analysed throughout the present study differentiated significantly (p B 0.001) Salix plants taking into consideration the level of copper addition to the medium, Ca/Mg ratios, as well as the interaction of the two experimental factors (with the exception of glutathione content in willow leaves). However, a stronger effect was observed in the case of Cu level, excluding the total concentration of LMWOAs, which was strongly affected by the Ca/Mg ratio (Table 3) .
LMWOA contents
To investigate the composition and concentration of LMWOAs in Salix viminalis L. rhizosphere, plants were exposed to increasing amounts of Cu added to the cultivation medium at four different Ca/Mg ratios. Ten LMWOAs were detected (oxalic, citric, malic, malonic, acetic, fumaric, maleic, formic, lactic and succinic acid) for Identical superscripts denote no significant differences between mean for the fixed effect of Cu addition level and Ca/Mg ratio in two-way analysis of variance according to a post hoc HSD Tukey's test every tested combination. The results showed that plants were able to release, in a short period of time, relatively high amounts of LMWOAs (Table 4) . For every combination, regardless of the Ca/Mg ratio, the total amount of analysed LMWOAs increased with increasing copper concentration in solution (Table 4) . However, the strongest linear correlation was observed for 1:
1 / 4 (r = 0.9570) and 4:1 (r = 0.8745) Ca/Mg ratios ( Table 5) .
The total concentration of LMWOAs under different Cu levels showed wide variation and increased from 38.29 to 226.85 (Ca/Mg = 4:1), from 27.89 to 135.47 (Ca/ Mg = 20:1), from 40.92 to 70.04 (Ca/Mg = 1: 1 / 4 ) and from 26.06 to 61.76 (Ca/Mg = 1:10) lM kg -1 dry weight (DW) of rhizosphere sample (Table 4) . For a physiological level of Ca and Mg (4:1) oxalic and acetic organic acids were dominant, then succinic, citric, formic, lactic, malonic and malic acids. Oxalic acid concentration was strongly correlated with Cu level in the medium (Tables 4, 5) .
Dependently of Ca/Mg ratio, malic, malonic, maleic and fumaric acids were detected at much lower levels (Table 4 ). In the case of 20:1 ratio, the main acids were formic and citric, then lactic, succinic, acetic, maleic and malic. The lowest value was observed for oxalic and malonic acids. For 1:
1 / 4 Ca/Mg ratio the dominant acids were citric and oxalic and for 1:10 Ca/Mg citric acid. The other acids were at much lower concentrations, while fumaric acid was generally under the detection limit.
Total phenolics and salicylic acid content
The total phenolic content in leaves of Salix in a physiological Ca/Mg ratio (4:1) was *14 mg GAE g -1 DW (control). The deficiency of two macroelements (Ca/ Mg = 1: 1 / 4 ) did not affect the total phenolics content, while the excess of Ca and Mg (20:1 and 1:10) caused the increase of their biosynthesis and accumulation in Salix leaves. The phenolics contents were significantly elevated with Cu level in the medium for all Ca/Mg ratios. The highest total phenolics content was recorded for the Ca/Mg ratio 20:1 and 3 mM Cu (Fig. 1a) .
The Ca/Mg ratio significantly influenced the effect of copper concentration in the medium on the biosynthesis and accumulation of salicylic acid in Salix leaves. At the physiological level (Ca/Mg = 4:1), higher Cu treatments (2 and 3 mM Cu) caused the increase of SA content from *1 up to 8 and 9 lg g -1 DW, respectively. The deficit of both macroelements, although applied at the same molar ratio as the physiological one (1: 1 / 4 ), maintained the SA content at a lower and stable level in the case of all Cu treatments (*0.5 to 1 lg g -1 DW). The excess of calcium (Ca/Mg = 20:1) led to the strongest induction of SA biosynthesis for successive Cu levels (from *1 to 18, 34 and 47 lg g -1 DW at 1, 2 and 3 mM Cu, respectively). In contrast, with an excess of magnesium (Ca/Mg = 1:10), a reduction of the effect of Cu concentration in the medium on the SA content was observed (up to *19 lg g -1 DW at 3 mM Cu). However, the SA level in Cu-untreated plants was *10 times higher than in control plants cultivated at the other Ca/Mg ratios (*10 lg g -1 DW) (Fig. 1b) . Total phenolics and salicylic acid showed a stronger linear correlation with copper concentration in the medium in the case of Ca excess (Ca/Mg = 20:1), and slightly weaker at the physiological ratio (4:1) ( Table 5) .
Soluble carbohydrate content
The deficiency and excess of Ca and/or Mg caused an increase of glucose, fructose and sucrose concentrations in comparison to the physiological ratio of Ca and Mg (4:1). Additionally, Cu treatment at all Ca/Mg ratios resulted in significant accumulation of all soluble carbohydrates in Salix leaves (Fig. 2a-c) . The increase of soluble sugars was almost linearly correlated with Cu level in the medium in the case of all investigated ratios of Ca and Mg (Table 5) .
Thiols
In comparison with control Ca/Mg ratio (4:1), an excess of Mg (1:10) caused an increase of total GSH content, while a deficiency of Ca and Mg (1: 1 / 4 ) caused a decrease in content of this thiol (Fig. 3) .
The addition of Cu ions to the medium intensified biosynthesis of GSH, with the simultaneous lack of detection of PCs, of which GSH is a precursor. The content of total GSH increased significantly with increasing Cu concentration for all Ca/Mg ratios, but the strongest linear correlation was observed at Ca/Mg = 4:1 (Table 5) . 
Discussion
The literature describes the interactions between some heavy metals in the sorption process in plants, as well as the relationship between metals in terms of their bioavailability (Ait Ali et al. 2004; Yanqun et al. 2004 ). There are also interactions in plants during the phytoremediation process (Kamnev and Van Der Lelie 2000) . The aim of this study was to evaluate the effect of calcium and magnesium ions on Salix phytoremediation properties and biological active compounds of the plant response to elevated Cu concentrations. Results presented efficiency of Cu accumulation in Salix purpurea 9 viminalis roots, shoots, bark, rods and leaves with information about changes in willow biomass were presented in Part 1. (Mleczek et al. 2013 . A similar relationship was observed in the earlier studies on Cd and Pb accumulation , or Cu and Zn accumulation by Salix. There are only a few literature data concerning this issue. High concentrations of magnesium and calcium decreased nickel hyperaccumulation in Alyssum bertolonii (Vergnano Gambi et al. 1992) . In another hyperaccumulator, Silene armeria, the effect of the Ca to Mg ratio on copper accumulation and the tolerance towards this element was dependent on the adaptation of ecotypes to soil conditions, including the calcium content in the soil. Accumulation of toxic metals can be modulated by blocking them within the cell wall and outer plasmalemma surface. In this regard, calcium ions may be more effective than magnesium ions (Lombini et al. 2003) . On account of the tight control of calcium ion transport between the apoplast and symplast, plants are tolerant of high extracellular concentrations of this cation. This element may therefore affect the extracellular accumulation of heavy metals along with the intensity of elongation growth of plants.
Four Ca/Mg ratios were used to indicate the differences in LMWOA exudation into the Salix root zone under increasing Cu concentrations, i.e. the physiological ratio (4:1), excess calcium (20:1), excess magnesium (1:10), and a deficit of both macronutrients (1: 1 / 4 ). Such combinations were chosen because the composition of the cultivation medium, including Ca and Mg ions, might be crucial for the potential alleviation of copper toxicity to plants used in phytoremediation/recultivation (presumably via competition for cell-surface binding sites) (Karamushka and Gadd 1994) . Previous studies have shown that higher concentrations of Ca or Mg, as well as changes in the Ca/Mg ratio, alleviated phytotoxicity of Mn (Parker et al. 1998) , Ni (Gabrielli and Pandolfini 1984; Parker et al. 1998) , Pb (Jowett 1964; Parker et al. 1998) , and Zn (Simon and Lefèbvre 1977; Parker et al. 1998) . Quantitative studies of the impact of either Ca or Mg on Cu toxicity in higher plants are still limited.
Plants actively modify conditions in the rhizosphere by changes in redox conditions (Jacob and Otte 2004a, b; Mucha et al. 2005) , mineral precipitation/dissolution (Mucha et al. 2010) , and exudation of organic substances capable of complexing metals and changing their bioavailability (Parker et al. 2001; Hammer and Keller 2002; Berkelaar and Hale 2003; Magdziak et al. 2011) . Rootexuded LMWOAs influence the behaviour of nutrients and trace metals, either enhancing or reducing their availability, by directly affecting acidification, chelation, precipitation and redox reactions, or indirectly, through their effects on microbial activity, physical and chemical properties of the rhizosphere and root growth pattern (Tao et al. 2004; Kidd et al. 2009; Li et al. 2009 ). Recent studies have shown that Salix viminalis L. can release to the root zone relatively high amounts of LMWOAs (Magdziak et al. 2011) , and simultaneously exhibits moderate Cu uptake to the aboveground organs (Gąsecka et al. 2012 ). For these reasons, LMWOAs are considered efficient either to increase the bioavailability/mobility and the rate of Cu uptake sorption by Salix Salix purpurea 9 viminalis, or to serve as a first step of defence against toxic copper concentration through complexation with soil matrix, or direct transport of less toxic forms to the cell vacuole. Studies carried out in a hydroponic system with Salix have demonstrated that the release of LMWOAs by roots is not only a response to increasing Cu concentration. It was also observed that the release of organic acids from roots significantly differed among the Ca/Mg ratios. In the case of the 4:1 Ca/Mg ratio, a physiological one, the induction of root exudation of oxalic and acetic acids was strongly induced by copper ions. The exudation of these acids may be the reaction of the plant to the oxidative stress induced by metallic ions, which activated mechanisms involving the tolerance to toxic elements, i.e. chelation and further transport via xylem followed by immobilization in the vacuole (Nigam et al. 2001 ). In the case of the 20:1 Ca/Mg ratio, the dominant acids were citric and formic, for 1: 1 / 4 citric and oxalic acids, and for 1:10 they were citric and lactic acids. In the case of these combinations citric acid is the main acid that has been most often reported (next to malonate) in plant exudates (Jones 1998) . Since citric and lactic acids efficiently bind Ca and Mg ions, their exudation by Salix roots is probably the result of the plant reaction to a modified concentration (and molar ratio) of macroelements in the cultivation medium (Magdziak et al. 2011) . High concentrations of LMWOAs decreased the pH of the cultivation medium, and solubility and mobility Cu, which influenced reduction of the element's adsorption by structural elements of the sand and increased the concentrations of soluble forms and bioavailability of copper to the plant (Harter 1983) . However, the composition of organic acids exuded into the rhizosphere is crucial for the uptake capacity, due to the differences in their binding capacity towards selected metals (Qin et al. 2007; Mucha et al. 2010) .
Chelation of metals by high-affinity ligands such as LMWOAs, amino acids or phytochelatins (PCs) is a very important mechanism of heavy metal detoxification (Clemens 2001; Freeman et al. 2004 ). We did not observe the formation of PCs in leaves of Salix purpurea 9 viminalis, although these molecules may play a role in Cu stress tolerance (Cobbett and Goldsbrough 2002; Yruela 2005) . Similar results were reported in our earlier studies (Gąse-cka et al. 2012) , as well as for various clones of this species, with different metal tolerance (Landberg and Greger 2004) . The results of the present study reveal that increasing Cu concentration in the medium stimulated an increase in levels of GSH, which might serve not only as an important antioxidant, but also as a metal chelator (Yadav 2010) . Unfortunately, the elevation of GSH does not always correlate with enhanced tolerance to metals (Xiang et al. 2001) . The GSH content depends on sources and level of metals, plant species or plant organs studied, and also on experimental conditions, mainly on the presence of additional stressors (Anjum et al. 2012) . In our studies, total GSH level was also dependent on the ratio of calcium and magnesium in the medium.
The experiment showed that excess of the macroelements elevated the total phenolics content in Salix leaves. The induction of their biosynthesis confirmed their protective role under stress conditions. As in our earlier experiments (Drzewiecka et al. 2012a; Gąsecka et al. 2012) we observed a Cu-and Ni-induced increase in the content of phenolics, which probably act as metal chelators, reactive oxygen species (ROS) scavengers and antioxidants (Dixon and Paiva 1995; Michalak 2006) . Additionally, Cu was confirmed to stimulate the peroxidase enzymes under ROS stress which induce lignification (Halliwell 1978) . Because of that we can suppose that phenols could play as ROS scavengers during oxidative stress induced by metals.
In the present study, the strongest accumulation of phenolics was observed in the case of 20:1 Ca/Mg ratio and 3 mM Cu, suggesting excessive phytotoxicity of the metal under excess of calcium and deficit of magnesium. Calcium, magnesium and copper participate in regular plant development and both their deficiency and excess have an impact on the metabolism. Although Salix is a plant that readily adapts to new environmental conditions (Hermle et al. 2006) , we postulate that irregular Ca/Mg ratios influence Cu sorption and phytotoxicity. Among phenolic compounds synthesized in plant cells, salicylic acid in particular plays an important role in plant defence against external factors causing the phenomenon of oxidative stress (Dixon and Paiva 1995) . Salicylic acid content in plants has been reported to reach even *75 lg g -1 DW when plants are challenged with acute viral infection (e.g. tobacco mosaic virus). However, abiotic stressors may also induce the enhanced biosynthesis of salicylic acid, which is part of the controlled intracellular response that mimics the hypersensitive response to pathogens. As previously described (Drzewiecka et al. 2012b ), salicylic acid is postulated as a plant biomarker of oxidative stress often strongly correlated with the stressor intensity. In the present study, the highest salicylic acid biosynthesis was induced in plants cultivated at Ca/Mg = 20:1, i.e. with excess calcium in the cultivation medium. This suggests that at this ratio, the defence reaction to copper was the strongest and probably resulted from the enhanced transport of Cu to the cell interior, or Cu-caused disturbance of calcium channels within the cell membrane. As previously reported, calcium intensified the toxic effect of copper ions to bean plants (Maksymiec and Baszyński 1999) . This confirms diminished induction of salicylic acid biosynthesis in Salix plants cultivated with a calcium deficit.
The disturbances in physiological Ca/Mg ratio caused an increase in glucose, fructose and sucrose contents in Salix leaves. Moreover, their concentrations were also elevated with the Cu level in the medium. The results confirmed our earlier studies concerning the influence of metals on accumulation of photoassimilates in leaves (Drzewiecka et al. 2012a; Gąsecka et al. 2012) . In regular plant metabolism assimilates are produced in leaves, then translocated and stored in different tissues in response to sink/source relations regulated by partitioning of starch and sucrose biosynthesis (Taiz and Zeiger 2006) . The accumulation of soluble carbohydrates in leaves probably results from disturbances in starch hydrolysis. The consequences of the accumulation of assimilates, as documented previously, are changes in the rate of photosynthesis and disturbances in the sink/source balance within a plant, leading to premature senescence (Wingler et al. 2006) . In several studies, sugars were postulated to be signalling molecules controlling gene expression and developmental processes in plants (Sheen et al. 1999; Morkunas et al. 2005) . Based on our previous results (Drzewiecka et al. 2012a; Gąsecka et al. 2012) we suggest that soluble sugars can also play a signalling role in defence mechanisms in plants cultivated in metal-polluted media. Additionally, an excessive accumulation of sugars could help the plant to bind metals and entrap them into cellulose structures within the cell wall, so the high quantity of photosynthesis products can be related to a detoxification activity as well.
Conclusions
The results obtained in the hydroponic system showed that Cu concentration and Ca/Mg ratio have a significant impact on the LMWOAs exuded by roots. The results confirm that the main role of LMWOAs is their complexing ability, which is crucial for mobilization of trace elements and metallic macronutrients, as well as metal detoxification, which constitutes an important element of the phytoremediation process. The results indicated that the deficiency and excess of Ca and/or Mg caused the accumulation of soluble carbohydrates, phenolic compounds and glutathione in Salix leaves. Moreover, the Cu treatments also influenced these concentrations at all Cu/Mg ratios. The changes in sugar contents probably result from disturbances in starch hydrolysis and sugar transport. The disturbances negatively affect the rate of photosynthesis. The induction of phenolics biosynthesis under an irregular Ca/ Mg ratio had an impact on Cu sorption and phytotoxicity. Simultaneously, biosynthesis of salicylic acid (a biomarker of the oxidative stress caused by copper) following the Cu treatments was enhanced in the conditions of calcium excess, and strongly reduced by a deficit of this macroelement.
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